Three human DNA sequences have been cloned from DNA regions which are strikingly undermethylated in sperm, highly methylated in adult somatic tissues, and methylated to an intermediate extent in tissues of extraembryonic origin. It is proposed that some such DNA sequences may function specifically early in embryogenesis or during gametogenesis. They may be subsequently extensively methylated in the embryonic cell lineage and methylated to a lesser extent in extraembryonic tissues in order to allow embryogenesis to proceed.
INTRODUCTION
The role of DNA methylation in vertebrate development is poorly understood although large differences in the extent of DNA methylation are found in different populations of cells and DNA methylation has been implicated in negatively controlling transcription for a number of genes (1) (2) (3) (4) (5) . In humans, the greatest differences seen in normal cells are that DNA from brain or thymus has on the average ',2 x 107 more 5-methylcytosine (m5C) residues per diploid genome than does sperm and .3 x 107 more than does term placenta (2) . These tissue-specific differences in methylation of DNA from somatic tissues are rather uniformly spread throughout the highly repetitive, moderately repetitive, and very-low-copy or single-copy sequence fractions of the human genome (2) . However, human sperm DNA has relatively high m5C levels in the very-low-or single-copy fraction and anomalously low m5C levels in the highly repeated sequence fraction (2) especiallv in the satellite or centromeric subfraction (6) . Pronounced hypomethylation of satellite DNA specifically in sperm and oocytes was also seen in murine and bovine genomes (7) (8) (9) . We now report the first evidence for non-satellite DNA sequences which are much less methylated in human sperm than in adult somatic tissues and so may be involved in controlling early development.
MATERIALS AND METHODS Isolation of DNA. DNA was isolated from human tissues and sperm as previously described (2) . Placental DNA was isolated from term placenta minus the chorionic plate. From the adjacent membranes, amnion and chorion laeve (smooth chorion) were harvested and used for DNA isolation. The identity of these membranes was confirmed by routine histological analysis. Cloning DNA fragments. For cloning hypomethylated sperm DNA sequences, 400 pg of sperm DNA was digested with 1200 units of HpaII for 3 h at 37°C under conditions recommended by the manufacturer (Bethesda Research Labs). That the digestion went to completion was verified by the type of control described in the following section. The digest was electrophoresed under standard conditions (10) in a 1.7% agarose gel. A HindIII digest of X DNA and a HaeIII digest of FX174 replicative form (RF) DNA served as markers. The human DNA fragments in the 0.3-1 kilobase pair (kb) size range were excised and electroeluted. After concentration with an equal volume of 2-butanol, extraction with phenol and chloroform, and precipitation with ethanol, the fragments were further purified on a DEAE-cellulose column (11) and then precipitated with ethanol and dissolved in 10 mM Tris-HCI, pH 7.4. These fragments were ligated into bacteriophage M13mp8 (12) RF linearized with AccI and then treated with alkaline phosphatase to inhibit recircularization of the unrecombined vehicle (13) . Two micrograms of this vector and "'150 ng of the 0.3-1 kb HpaII fragments (X1:1 molecular ratio) were incubated with 4 units of T4 DNA ligase (Bethesda Research Labs) in 100 pl under standard conditions (11) . The recombinant DNAs were used to transfect Escherichia coli JM101 and recombinant phage "plaques" purified and used for infection of E. coli JM101 and purification of viral DNA by standard techniques (12) . The (14) . After 3 h of incubation at 37°C, these aliquots as well as otherwise identical samples lacking human DNA were electrophoresed in agarose gels and subjected to autoradiography to demonstrate the absence of inhibitors of restriction. Complete digestion of the X DNA was seen both in the presence and in the absence of human DNA. Then the original DNA digests were electrophoresed in 1.4% agarose gels (10) and blot hybridization on nitrocellulose membranes was performed using routine methods (15) with the following modifications. Before treatment of the gels with alkali, they were soaked in 0.25 M HC1 for 15 min and then rinsed with water (11) . Pre-hybridization (11) (19) . Autoradiographic analysis after 3 days of exposure revealed spots of intensity dependent on the amount of repetitive recombinant DNA applied to the nitrocellulose and the repetition frequency class of these cloned human DNA sequences. When viral M13mp8 DNA (2 Vg) alone or an M13mp8 recombinant containing one of the two cross-hybridizing human y-globin genes (My2;20) were subjected to the same hybridization, no autoradiographic spot was detectable. Our M13mp8-sperm DNA recombinants which at 2 pg also did not give a signal under these conditions were classified as single-or very-low-copy sequences. The DNA samples designated as being of high copy number gave autoradiographic signals comparable to those from the same amount of the Alu repeat-containing recombinant DNA. Samples giving analogous spots of considerably lower intensity were referred to as moderately high in copy number and those of yet lower intensity as low in copy number.
Because of our interest in insert Sp-0.3-16 (see below), we determined its copy number more accurately by using the above primer-extended recombinant of Sp-0.3-16 as a probe and comparing hybridization of spots of human genomic DNA to standards consisting of various known amounts of the 0.4-kb insert from Sp-0.3-16 RF mixed with an excess of X DNA. These mixtures made with this electrophoretically purified, HindIII/EcoRI insert and with X DNA as a heterologous DNA simulated various copy numbers of the cloned insert.
RESULTS
Repetition frequency of cloned hypomethylated DNA sequences from human sperm.
Sequences containing two close unmethylated CCGG sites were isolated by digesting human sperm DNA with the methylation-sensitive enzyme HpaII, which cleaves CCGG but not Cm5CGG sites (1), followed by electrophoretic isolation of the 0.3-1 kb fragments. Due to the underrepresentation of CpG dinucleotides in vertebrate genomes and the methylation of most such sites (1), these fragments represent the very minor fraction of genomic DNA which has unmethylated CCGG sites within 0.3-1 kb of one another. These small HpaIIfragments were cloned in M13mp8 (12) .
The approximate repetition frequency of the human inserts from 39 of these recombinant DNAs was determined by dot-blot hybridization as described in Materials and Methods. Two of these inserts were highly repeated in the human genome, 4 were of moderately high copy number, 10 were of moderately low copy number, and 23 were of the single-or very-low-copy number class.
Therefore, although there is very much undermethylation of the highly repeated sequence class of sperm DNA and the single-or very-low-copy number sequence class is hypermethylated compared to most of the corresponding fractions from adult tissue DNAs (2), the cloned, hypomethylated sequences from sperm were mostly from the latter sequence class. That highly repeated DNA sequences were not more frequent in the cloned hypomethylated fragments is probably due to a paucity of CCGG sites in the relatively few types of sequences that are highly repeated in the human genome. For Fig. 1 . In these cases, hybridizing sequences in the placental DNA digest were of a lower average molecular weight than those in the analogous brain and sperm digests, which in turn were similar to each other; however, sometimes slightly more very low-molecular-weight hybridizing sequences were seen in the digests of the sperm genome than in those of brain or placental DNAs (Fig. 1) . The analogous CfoI digests showed little or no tissue-or cell-specificity in methylation at GCGC sites in the vicinity of the cloned sequences (Fig. 1) . The smeared pattern of hybridizing material seen upon autoradiography after hybridization with these 8 probes was the same as that observed for total DNA fragments by ethidium bromide-induced fluorescence.
These results suggest that these cloned fragments may be short, rather randomly interspersed repeats whose consensus sequence does not include two HpaII sites. Therefore their cleavage would reflect that of the genome at large. Many of these cloned sequences appear to be distinct from each other on the basis of differences in their degree of repetitiveness or in the pattern of the corresponding minor bands seen in the human genome. Only two of these DNA clones were highly repetitive in the human genome and so might contain the abundant interspersed Alu repeat family sequences (18) .
In contrast to the above inserts, one recombinant's insert, Sp-0.3-32, had genomic homologs which were considerably hypomethylated in both placenta and sperm relative to in brain or heart. However, only broad smears were obtained with each DNA and the differences seen were not as dramatic as those in the three DNA (20) . Similarly, *the low-copy sequence Sp-0.3-15 showed no methylation at HpaII sites in sperm DNA although it was largely methylated over a greater than 6-kb region in adult somatic tissues (Fig. 4) Fig. 2 7 18 kb), which looked identical to that seen in lung DNA digested with HpaII only (Fig. 2) . Digestion of the same DNA with either BamHI alone or BamnHI plus HpaIl gave one major band of 2.0 kb hybridizing with Sp-0.3-12 sequences. Addition of HpaII did not alter the molecu- Because the sequence Sp-0.3-16 has a moderate repetition frequency in the human genome and gave a pattern in an MspI digest which could be interpreted as a type A-satellite banding pattern (22) , complete digests of human DNA with several CpG methylation-insensitive restriction enzymes (HaeIII, BamHI, KpI, TaqI, MboI, XbaI, AluI, and EcoRI) were examined as well as a series of partial digests with MsI, TaI, or HaeIII (23) . Using the Sp-0.3-16 probe, in no case was a ladder of bands obtained which could have indicated a multimeric, tandemly arranged, satellite-like repeat. However, multiple indistinct bands were seen in some of the digests and these data do not eliminate the possibility that Sp-0.3-16 is part of a minor satellite Fig. 3 with the addition that P1* refers to DNA derived from chorionic villi dissected out from term placenta. In contrast, the sample labeled P1 was isolated according to a standard procedure from total placenta from which only the chorionic plate was excluded.
sequence, for example, one that might be partly interspersed as well as partly tandem (23) . DNA These DNA sequences which exhibit gamete-specific hypomethylation probably undergo increases in their DNA methylation levels, de novo methylation (1), in the extraembryonic cell lineages, e.g., the trophectoderm derivatives, and to an even greater extent in the main embryonic cell lineages, i.e., the derivatives of the primitive ectoderm. Such natural changes in vertebrate DNA methylation levels should be generally self-perpetuating (1). Recently, Chapman et al. (25) showed that a satellite DNA sequence in mouse embryos underwent extensive methylation at E_II sites in the embryonic cell lineages but not in extraembryonic tissues. We infer somewhat similar changes in the Eco repeat family, a human satellite DNA sequence (6) . However, although this highly repeated sequence in both human sperm and placenta has a much lower m5C content than in brain, at a HhaI site brain and placenta are similarly hypermethylated compared to sperm (6) . Thus, this satellite DNA sequence as well as the three above-described human DNA sequences, two of which are clearly not satellites, show extensive methylation in adult somatic tissues, pronounced undermethylation in sperm, and an intermediate pattern in placenta. These region-specific increases in DNA methylation that are occurring in the human and murine embryonic cell lineages might be part of the same stage of de novo methylation detected with viral DNA introduced into early mouse embryos (26) .
The de novo methylation of these sequences in the primitive ectoderm cell lineage might occur early in development and to a greater extent in embryonic than in extraembryonic cell lineages. This would explain their greater and uniform extent of methylation in various adult somatic tissues derived from the three different germ layers. Alternatively, given the overall genomic hypomethylation seen in human placenta (2) and in the trophoblast of rabbit blastocysts (25) the lower state of methylation of these sequences in placenta might be due to their de novo methylation followed by demethylation with such demethylation of these sequences not occurring in the main embryonic lineages.
In summary, our results suggest that increases in DNA methylation as well as the previously documented decreases (1, 4) are linked to differentiation. We hypothesize that some of the regions of mammalian DNA which are naturally programmed targets for de novo methylation during embryogenesis are involved in gene expression or, especially in the case of satellite DNA sequences, in chromatin structure specific to early embryos. Alternatively, or in addition, these sequences might become undermethylated during gametogenesis or remain undermethylated in the germ line in order to play a role in directing gamete formation or in insuring the integrity of the germ line genome. Extensive methylation of certain of these sequences in all cells of the embryo (primitive ectoderm derivatives) during embryogenesis might be a necessary component of differentiation.
